All organisms possess several DNA repair pathways to maintain the integrity of their genetic 17 material. Although there are several DNA repair pathways that are well understood, we recently 18 identified several genes in Bacillus subtilis that are important for surviving treatment with drugs 19 that damage DNA. Here, we report a drug specific DNA repair pathway in B. subtilis. We 20 identified genes coding for a previously uncharacterized helicase and exonuclease, mrfA and 21 mrfB, respectively. Deletion of mrfA and mrfB resulted in sensitivity to the DNA damaging agent 22 mitomycin C, but not other types of DNA damage. We found that MrfAB operate independently 23 of canonical nucleotide excision repair, forming a novel excision repair pathway in bacteria. A 24 phylogenetic analysis demonstrates that MrfAB homologs are present in diverse bacterial phyla, 25 and a cross-complementation assay shows that MrfAB function is conserved in closely related 26 species. Mitomycin C is a natural antibiotic that is produced by the soil dwelling bacterium 27
Summary 16
All organisms possess several DNA repair pathways to maintain the integrity of their genetic 17 material. Although there are several DNA repair pathways that are well understood, we recently 18 identified several genes in Bacillus subtilis that are important for surviving treatment with drugs 19 that damage DNA. Here, we report a drug specific DNA repair pathway in B. subtilis. We 20 identified genes coding for a previously uncharacterized helicase and exonuclease, mrfA and 21 mrfB, respectively. Deletion of mrfA and mrfB resulted in sensitivity to the DNA damaging agent 22 mitomycin C, but not other types of DNA damage. We found that MrfAB operate independently 23 of canonical nucleotide excision repair, forming a novel excision repair pathway in bacteria. A 24 phylogenetic analysis demonstrates that MrfAB homologs are present in diverse bacterial phyla, 25 and a cross-complementation assay shows that MrfAB function is conserved in closely related 26 species. Mitomycin C is a natural antibiotic that is produced by the soil dwelling bacterium 27
Streptomyces lavendulae, and B. subtilis is also a soil dwelling organism. The specificity of the 28 Δ mrfAB phenotype suggests that MrfAB have been adapted as a countermeasure to mitomycin 29 producing bacteria. 30
Introduction 38
A defining feature of biology is the ability to reproduce, which requires replication of the genetic 39 material. High fidelity DNA replication depends on the integrity of the template DNA which can 40 be damaged by UV light, ionizing radiation, and numerous chemicals (Friedberg et al., 2006) . 41
Many DNA damaging agents have been used as chemotherapeutics and are also produced from 42 natural sources such as bacteria, fungi, or plants (Demain & Vaishnav, 2011) . One such naturally 43 produced antibiotic is mitomycin C (MMC), originally isolated from Streptomyces lavendulae 44 (Hata et al., 1956 ). MMC is produced as an inactive metabolite that must be activated by 45 enzymatic or chemical reduction to react with DNA (Tomasz, 1995) . MMC reacts specifically 46 with guanine residues in DNA and results in three principle modifications (Bargonetti, Champeil, 47 & Tomasz, 2010) . MMC forms a mono-adduct by reacting with a single guanine, however, 48 MMC has two reactive centers, which can result in intra-strand crosslinks on adjacent guanines 49 on the same strand, or in inter-strand crosslinks wherein the two guanines on opposite strands of 50 Together, our study identifies a novel strategy to counteract the natural antibiotic MMC in 98 bacteria. 99
Results

100
DNA damage sensitivity of Δ mrfAB is specific to mitomycin C 101
Our recent study using a forward genetic screen identified genes important for surviving 102 exposure to DNA damage uncovering many genes that had not previously been implicated in 103 DNA repair or the SOS-response (Burby et al., 2018) . As part of this screen, we identified a gene 104 pair, yprAB, in which disruption by a transposon resulted in sensitivity to MMC but not 105 phleomycin or methyl methanesulfonate (Fig 1A) (Burby et al., 2018) . Because the phenotypes 106 are specific to MMC (see below), we rename yprAB to mitomycin repair factors A and B 107 (mrfAB). To follow up on the phenotype of the transposon insertions we tested clean deletion 108 strains of mrfA and mrfB and found that deletion of either gene resulted in sensitivity to MMC 109 (Fig 1B) . Further, we ectopically expressed each gene in its respective mutant background and 110
we were capable of complementing the MMC sensitivity phenotype (Fig 1B) . The absence of 111 phenotypes with phleomycin and methyl methanesulfonate, is similar to the phenotypic profile of 112 nucleotide excision repair (NER) mutants ( Fig 1A) (Burby et al., 2018) . We next asked if 113 deletion of mrfA would result in sensitivity to other agents known to be repaired by NER. We 114 tested for sensitivity to three other agents that cause DNA lesions that are repaired by NER: UV 115 light, 4-NQO, and the DNA crosslinking agent psoralen (trioxsalen) (Petit & Sancar, 1999) . 116
Interestingly, we found that deletion of mrfA did not cause sensitivity to any of these agents (Fig  117   1C ). We also tested whether the presence of uvrAB was masking the effect, but no additional 118 sensitivity was observed when mrfA was deleted in the Δ uvrAB background (Fig 1C) . We 119 conclude that MrfAB are important for mitigating the toxicity of MMC-generated DNA lesions. 120
MrfA and MrfB function in the same pathway 121
The phenotypes of mrfA and mrfB mutants were identical (Fig 1A & B) , and the two genes are 122 predicted to be an operon. We hypothesized that MrfA and MrfB function together. We tested 123 this hypothesis using an epistasis analysis. We found that deletion of both genes gave the same 124 sensitivity to MMC as each single mutant (Fig 2A) , indicating that they function in the same 125 pathway. If MrfAB function together, we wondered whether these proteins interact. We 126 employed a bacterial two-hybrid assay, and found that MrfA and MrfB formed a robust 127 interaction ( Fig 2B) . Next, we asked if we could localize the interaction to a particular domain. 128
We performed a deletion analysis with MrfA and found that deletion of either the N-terminus or 129 the C-terminus was sufficient to abolish the interaction with MrfB (Fig 2C) , and the N-terminus 130 of MrfA was not sufficient for MrfB interaction (Fig 2C) . We tested whether the N-terminus or 131 C-terminus of MrfB was required for MrfA interaction. We found that the C-terminus of MrfB 132 was not required, though the signal was reduced, whereas deletion of the N-terminus of MrfB 133 abolished the interaction with MrfA (Fig 2D) . We conclude that MrfAB interaction is specific 134
and that these proteins function together in mitigating MMC toxicity. 135
MrfA helicase motifs and C-terminus is required for function in vivo 136
MrfA is a predicted DEXH box helicase containing a C-terminal domain of unknown function 137 (Fig S1 and S2A) . The C-terminal domain of unknown function contains four conserved 138 cysteines that are thought to function in coordinating a metal ion (Shi et helicase, however, unlike Hrq1 SftH exists as a monomer in solution (Yakovleva 147 & Shuman, 2012) . To address whether MrfA helicase activity was important for function we 148 used a complementation assay using variants containing alanine substitutions in several 149 conserved helicase motifs. Mutations in helicase motif I (K82A), motif II (DE185-186AA), and 150 motif III (S222A) all failed to complement a mrfA deficiency (Fig S2B) . Intriguingly, when 151 motif Ib (T134V) was mutated mrfA MMC sensitivity could still be complemented (Fig S2B) . 152
We asked whether the C-terminal domain of unknown function and the conserved cysteines were 153 required for function. Deletion of the entire C-terminal domain, mutation of the first two 154 cysteines, or mutation of all four cysteines all resulted in a failure to complement MMC 155 sensitivity in a Δ mrfA strain (Fig S2B) . Together our data suggest that both helicase activity and 156 the C-terminal domain are required for MrfA function in vivo. 157
MrfB is a metal dependent exonuclease 158
MrfB is predicted to be a DnaQ-like exonuclease and to have a three tetratrichopeptide repeats at 159 its C-terminus ( Fig 3A) . To search for putative catalytic residues in MrfB, we aligned MrfB to 160
ExoI, ExoX, and DnaQ from E. coli (Fig S3A) . MrfB has the four acidic residues typical of 161 DnaQ like exonucleases (Fig S3A) . This type of nuclease also has a histidine located proximal to 162 the last aspartate (Yang, 2011), and we identified two histidines, one of which was conserved 163 (Fig S3A, conserved histidine highlighted in red and the other in green). DnaQ exonucleases 164 coordinate a metal ion that is used in catalysis (Yang, 2011) . We hypothesized that MrfB 165 catalytic residues would cluster together in the tertiary structure. We modelled MrfB using 166 found that the conserved aspartates and glutamate indeed clustered together in the model (Fig  169   S3B ). 170
Interestingly, we found that the histidine conserved in the E. coli exonucleases was facing 171 the opposite direction, whereas the non-conserved histidine was facing the putative catalytic 172 residues in the MrfB model ( Fig S3C) . An alignment of MrfB with homologs demonstrates that 173 the histidine (labeled in green) facing the other putative catalytic residues is conserved in 174 putative MrfB homologs, whereas the other is not (see supplemental text). To test whether these 175 residues were important for function, we used variants with alanine substitutions at each putative 176 catalytic residue in a complementation assay. We found that all five mutants could not 177 complement the Δ mrfB mutant (Fig 3B) . 178
With these results we wanted to test whether MrfB had exonuclease activity in vitro. We 179 expressed and purified MrfB to homogeneity as determined by SDS-PAGE (Fig 3C) . We tested 180 for exonuclease activity using a plasmid linearized by restriction digest. We found that MrfB 181 could degrade linear dsDNA and that Mg 2+ was required, demonstrating that MrfB is a metal-182 dependent exonuclease (Fig 3D) . With exonuclease activity established we tested the substrate 183 preference of MrfB using a closed circular covalent plasmid (CCC), a nicked plasmid or a linear 184 plasmid using T 5 and λ exonucleases as controls. T 5 exonuclease is able to degrade both nicked 185 and linear substrates but cannot degrade a super-coiled plasmid (Sayers & Eckstein, 1990 , 1991 . 186
In contrast, λ exonuclease can only degrade a linear substrate (Little, 1981) . The T 5 and lambda 187 exonuclease controls performed as predicted, and MrfB demonstrated robust activity using a 188 linear substrate and very slight activity using a nicked substrate (Fig 3E) . We conclude that MrfB 189 is a metal-dependent exonuclease with a preference for linear DNA. 190
MrfAB function independent of UvrABC dependent nucleotide excision repair 191
Given that DNA damage sensitivity in mrfAB mutants was restricted to MMC and that both 192 proteins have nucleic acid processing activities, we hypothesized that MrfAB were part of a 193 nucleotide excision repair pathway. We tested whether MrfAB were within the canonical, 194
UvrABC dependent nucleotide excision repair pathway using an epistasis analysis. We found 195 that deletion of mrfA or mrfB rendered B. subtilis hypersensitive to MMC in the absence of 196 uvrAB (Fig 4A) , uvrC, or uvrABC (Fig 4B) . We also verified that uvrABC indeed function as a 197 single pathway using an epistasis analysis (Fig S4) , which differs from E. coli (Lage, Goncalves, 198 Souza, de Padula, & Leitao, 2010; Perera et al., 2016). To test whether deletion of mrfAB have 199 an effect on acute treatment with MMC, we performed an epistasis analysis using a MMC 200 survival assay. We tested mutants in mrfAB, uvrABC, and the double pathway mutant. We found 201 that deletion of mrfAB had a limited effect on acute sensitivity to MMC whereas deletion of 202 uvrABC had a significant decrease in survival following MMC treatment (Fig 4C) . test whether DNA repair was affected by the absence of mrfAB, uvrABC, or both pathways, we 212 used a RecA-GFP fusion to monitor DNA repair status over time following treatment with MMC 213 (Fig 5A & S5) . We quantified the percentage of cells containing a focus or foci of RecA-GFP, 214 and found an increase in RecA-GFP focus formation over time (Fig 5B) . In all three mutant 215 strains there was a significant increase in RecA-GFP foci prior to MMC addition (Fig 5B) . We 216 found that deletion of mrfAB did not have a significant impact on RecA-GFP focus formation 217 (Fig 5B) . Deletion of uvrABC led to a slight decrease in RecA-GFP focus formation (Fig S5) . 218
The double pathway mutant had a significant decrease in RecA-GFP foci (Fig 5B) . With these 219 results we suggest that RecA is responding to excision repair gaps that occur after removal of the 220 MMC adduct. These results further support the conclusion that MrfAB participate in the repair of 221 MMC damaged DNA. 222
As stated previously, MMC results in several DNA lesions, one of which is the inter-223 strand crosslink. We asked whether one or both pathways contribute to unhooking DNA 224 crosslinks in vivo. To address this question we treated B. subtilis strains with MMC and then 225 allowed them to recover for 45 or 90 minutes and monitored DNA crosslinks by denaturing and 226 snap cooling the DNA, which will allow for renaturing of crosslinked DNA but not non-227 crosslinked DNA (Iyer & Szybalski, 1963) . We found that in WT and Δ mrfAB cells we could 228 detect some crosslinked DNA that decreased slightly over time (Fig 5C) . In the absence of 229 uvrABC there was a significant stabilization of crosslinked DNA that did not decrease over time 230 and deleting mrfAB had no effect in the uvrABC mutant on crosslink stabilization (Fig 5C) . We 231 conclude that UvrABC are the primary proteins responsible for repair of inter-strand crosslinks 232
and MrfAB likely repair the more abundant mono-adducts (Warren, Maccubbin, & Hamilton, 233 1998) and potentially intra-strand crosslinks that form. 234
MrfAB are conserved in diverse bacterial phyla 235
Given the specificity of MrfAB for MMC, we wondered how conserved mrfA and mrfB are in 236 bacteria. We performed a PSI-BLAST search using MrfA or MrfB against the proteomes of 237 bacterial organisms from several phyla (Fig 6A; Table S4 ). We found that MrfA and MrfB are 238 both present in organisms from 5 different phyla, though MrfA is more broadly conserved in 239 bacteria (Fig 6A) . To test if MrfA and MrfB function is conserved, we attempted to complement 240 MMC sensitivity using codon-optimized versions of the homologs from three organisms, 241
Bacillus cereus, Streptococcus pneumoniae, and Pseudomonas aeruginosa. We found that 242 expression of Bc-mrfA and Bc-mrfB were capable of complementing the respective deletion (Fig  243   6B) . Interestingly, Sp-mrfB complemented, but Sp-mrfA did not (Fig 6B) . The more distantly 244 related homologs from P. aeruginosa were not able to complement the corresponding deletion 245 alleles (Fig 6B) . We conclude that MrfA and MrfB function is conserved in closely related 246 species, and that they likely have been adapted to other uses in more distantly related bacteria. 247
Discussion 248
MrfAB are founding members of a novel bacterial nucleotide excision repair pathway. From our 249 results, the current model is that MrfA recognizes a MMC mono-adduct or intra-strand crosslink 250 and uses its helicase activity to separate the MMC containing strand, while MrfB degrades the 251 displaced DNA strand ultimately removing the lesion (Fig 7) . The initial finding that sensitivity 252 to DNA damage in mrfAB mutants is specific to MMC suggested a drug specific repair pathway. 253
The observation that RecA-GFP foci changes in a synergistic manner with deletion of both 254 uvrABC and mrfAB suggests that MrfAB are acting as a second excision repair pathway. The 255 major source of toxicity from MMC has long been thought to be the inter-strand crosslink 256 (Bargonetti et al., 2010) . We found that MrfAB do not contribute to inter-strand crosslink repair, 257 and yet deletion of mrfAB in the uvrABC mutant resulted in a significant decrease in survival 258 following MMC treatment. These observations strongly suggest that the mono-adducts and/or the 259 intra-strand crosslink make a significant contribution to the overall toxicity of MMC. Therefore, 260 through identifying a new repair pathway in bacteria, we are able to shed new light on the 261 toxicity profile of a well-studied, natural antibiotic. 262
The specificity of the Δ mrfAB phenotype suggests that lesion recognition depends on 263 MMC adduct structure. Our previously reported forward genetic screen did not identify other 264 candidates for this pathway (Burby et al., 2018) . Thus, we hypothesize that lesion recognition is 265 a function carried out by either MrfA, MrfB, or by both proteins in complex. MrfA is a helicase 266 with a C-terminal domain of unknown function containing four well conserved cysteines. A high 267 throughput X-ray absorption spectroscopy study of over 3000 proteins including MrfA reported 268 finding that MrfA binds to zinc (Shi et al., 2011) . Intriguingly, UvrA, the recognition factor of 269 canonical nucleotide excision repair, also contains a zinc finger which is required for regulating 270 recognition of damaged DNA (Croteau et al., 2006) . Indeed, three of the four recognition factors 271 in eukaryotic nucleotide excision repair, XPA, RPA, and TFIIH also each contain a zinc finger 272 component (Petit & Sancar, 1999) . Therefore, it is tempting to speculate that MrfA functions as 273 the lesion recognition factor through its putative C-terminal zinc finger domain. 274
MrfAB have likely been adapted to specific needs in different bacteria. We speculate that 275
MrfAB specificity for MMC is a reflection of habitat overlap between B. subtilis and mitomycin 276 producing bacteria such as S. lavendulae. Thus, MrfAB were adapted to effectively help B. 277 subtilis compete in habitats where MMC is produced. Given that only closely related species 278 could substitute for MrfA and MrfB function in B. subtilis, we hypothesize that the MMC 279 specific repair activity is restricted to those species. In fact, the homologs present in P. 280 aeruginosa have diverged significantly (Table S4) inherited from the most recent common ancestor would seem obvious. Still, a major thrust of 290 biological exploration is often to examine processes that are highly conserved. While well 291 conserved processes are often critical for more organisms, it is the divergent functions that make 292 each organism unique, which is a property of inherent value found throughout nature. 293
Materials and Methods 294
Bacteriological methods 295
All B. subtilis strains used in this study are isogenic derivatives of PY79 (Youngman, Perkins, & 296 Losick, 1984), and listed in Table S1 . Detailed construction of strains and plasmids and 297 oligonucleotides used in this study are described in the supplemental text. Plasmids and 298 oligonucleotides are listed in Supplemental Tables S2 and S3, 
Spot titer and survival assays 307
Spot titer assays were performed as described previously (Burby et al., 2018) . Survival assays 308 were performed as previously described (Burby et al., 2018) , except cells were treated at a 309 density of OD 600 = 1 instead of 0.5. 310
Microscopy 311
Strains containing RecA-GFP were grown on LB agar + 100 μ g/mL spectinomycin at 30°C 312 overnight. Plates were washed with S7 50 minimal media with 2% glucose. Cultures of S7 50 313 minimal media with 2% glucose and 100 μ g/mL spectinomycin were inoculated at an OD 600 = 314 0.1 and incubated at 30°C protected from light until an OD 600 of about 0.3 (about 3.5 hours). 315
Cultures were treated with 5 ng/mL MMC and samples were taken for imaging prior to MMC 316 addition, 45 minutes, 90 minutes, and 180 minutes after MMC addition. The vital membrane 317 stain FM4-64 was added to 2 μ g/mL and left at room temperature for five minutes. Samples were 318 transferred to 1% agarose pads containing 1x Spizizen salts as previously described (Burby et al., 319 2018). Images were captured using an Olympus BX61 microscope using 250 ms exposure times 320 for both FM4-64 (membranes) and GFP. RecA-GFP foci were determined by using the find 321 maxima function in ImageJ with the threshold set to the background of the image by looking at a 322 line trace of an area without cells. The number of cells with foci was determined by taking the 323 total number of foci and subtracting the foci greater than one in cells having multiple foci (i.e., if 324 a cell had two foci, one would be subtracted and if a cell had 3 foci two would be subtracted and 325 so on). The percentage was determined by dividing the number of cells with a focus or foci by 326 the total number of cells observed. 327
DNA crosslinking assay 328
Strains of B. subtilis were struck out on LB agar and incubated at 30°C overnight. Plates were 329 washed with LB and samples of 0.5 mL OD 600 = 3 were aliquoted. One sample was untreated 330 and three samples were treated with 1 μ g/mL MMC. Samples were incubated at 37°C for 1 hour. 331
For the untreated and MMC treatment samples, one volume (0.5 mL) of methanol was added and 332 samples were mixed by inversion. Samples were harvested via centrifugation (12,000 g for 5 333
minutes, washed twice with 0.5 mL 1x PBS pH 7.4 and stored at -20°C overnight). For recovery 334 samples, cells from the remaining two treated samples were pelleted via centrifugation (10,000 g 335 for 5 minutes) washed twice with 1 mL LB media and then re-suspended in 0.6 mL LB media. 336
Samples were then transferred to 14 mL round bottom culture tubes and incubated at 37°C on a 337 rolling rack for 45 or 90 minutes. An equal volume (0.6 mL) of methanol was added and samples 338 were mixed by inversion. Samples were harvested as stated above and stored at -20°C overnight. 339
Chromosomal DNA was extracted using a silica spin-column as previously described (Burby et  340 al., 2018). Samples were normalized by A 260 to 15 ng/μL. Samples were heat denatured by 341 incubating at 100°C for 6 minutes followed by placing directly into an ice-water bath for 5 342 minutes. For native samples and heat denatured samples, 300 ng and 600 ng, respectively, were 343 loaded onto a 0.8% agarose gel with ethidium bromide and electrophoresed at 90 volts for 344 approximately one hour. 345
Bacterial two-hybrid assays 346
Bacterial two-hybrid assays were performed as described (Burby et al., 2018; Karimova, and reaction products were separated by agarose gel electrophoresis. 376
Phylogenetic analysis 377
The protein sequences of MrfA (AHA78094.1) and MrfB (AHA78093.1) were used in a PSI-378 BLAST search in the organisms listed in Table S4 . If a putative homolog was detected, the 379 coverage and percent identity were both recorded (Table S4) constructed using 16s rRNA sequences (18s rRNA for S. cerevisiae), aligned with muscle 589 (Edgar, 2004) , using the neighbor joining method (Saitou & Nei, 1987) , and the evolutionary 590 distances were calculated using the p-distance method (Nei & Kumar, 2000) . The percentage of 591 replicate trees that resulted in the associated species clustering together in a bootstrap test (500 592 replicates) is indicated next to the branches (Felsenstein, 1985) . Evolutionary analysis was 
